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ABSTRACT 
Cathode t i p s  inade from d number o f  d i f f e r e n t  m a t e r i a l s  were t e s t e d  i n  a modular a r c j e t  t h r u s t e r  
i n  o r d e r  t o  examine cathode phenomena. 
c o l l e c t e d  d u r i n g  t e s t i n g ,  i n d i c a t e d  t h a t  a l l  o f  t he  tungsten-based m a t e r i a l s  behaved s i m i l a r l y  
d e s p i t e  the  f a c t  t h a t  i n  one o f  these samples the  percentage o f  t ho r ium o x i d e  was doubled and another  
was 25% rhenium. The mass l o s s  r a t e  f rom a 2% t h o r i a t e d  rhenium cathode was found t o  be an o r d e r  o f  
magnitude g r e a t e r  than t h a t  observed us ing  2% t h o r i a t e d  tungsten.  D e t a i l e d  a n a l y s i s  o f  one o f  these 
cathode t i p s  showed t h a t  the mol ten c r a t e r  con ta ined  pure tungsten t o  a depth o f  about 150 microns.  
Problems w i t h  thermal s t r e s s  c r a c k i n g  w e r e  encountered i n  the t e s t i n g  o f  a hafnium ca rb ide  t i p .  Post 
t e s t  a n a l y s i s  showed t h a t  t he  a c t i v e  area o f  t h e  t i p  had chemica l l y  reac ted  w i t h  the  p r o p e l l a n t .  
A 100 hour cont inuous t e s t  was r u n  a t  about 1 kW. Pclst t e s t  a n a l y s i s  revea led  no d e n d r i t e  
f o r m a t i o n ,  such as observed i n  a 30 kW a r c j e t  l i f e t e s t ,  near the  cathode c r a t e r .  The cathodes from 
bo th  t h i s  t e s t  and a p r e v i o u s l y  r u n  1000 hour c y c l e d  t e s t  d i s p l a y e d  n e a r l y  i d e n t i c a l  a r c  c r a t e r s .  
Data and c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  mass losses observed i n  t e s t i n g  can be exp la ined  by 
evapora t i on .  
t he  observed decrease i n  mass l o s s  r a t e  w i t h  t ime .  
P e r i o d i c  disassembly and examinat ion,  a long w i t h  the  da ta  
An inc rease  i n  the  r e d e p o s i t i o n  r a t e  with cathode recess ion  was p o s t u l a t e d  t o  e x p l a i n  
From measurements o f  t he  cathode c r a t e r  s i z e ,  est imates o f  t h e  e m i t t i n g  area were  made. These 
were used w i t h  r e a l i s t i c  bounds on t h e  c r a t e r  temperature,  m a t e r i a l  work f u n c t i o n ,  and t h e  e l e c t r i c  
f i e l d  a t  t he  cathode t o  s tudy the  cathode emiss ion process,. From t h i s ,  s imple c a l c u l a t i o n s  Suggest 
t h a t  b o t h  f i e l d  and the rm ion ic  emiss ion a r e  i n v o l v e d .  
INTRODUCTION 
Research and development o f  a r c j e t  t h r u s t e r s  f o r  space p r o p u l s i o n  began over t h r e e  decades ago. 
I n  t h i s  e ra ,  numerous miss ions r e q u i r i n g  p r imary  p r o p u l s i o n  were under c o n s i d e r a t i o n  and so a 
m a j o r i t y  o f  t h i s  e a r l y  e f f o r t  focused on 30 kW c l a s s  hydrogen a r c j e t s .  I t  was assumed, a t  l e a s t  a t  
t he  o u t s e t ,  t h a t  t h i s  power l e v e l  would be p rov ided  by the  nuc lea r  power p l a n t  be ing developed under 
t h e  SNAP-8 program and t h a t  t he  problems assoc ia ted  w i t h  l ong  term hydrogen s to rage  would be so lved.  
The program a l s o  i n c l u d e d  a n a l y s i s  and t e s t i n g  o f  sma l le r  1 t o  2 kW devices,  on hydrogen, f o r  
a u x i l i a r y  p r o p u l s i o n .  By t h e  e a r l y  1960's i t  became apparent t he  a n t i c i p a t e d  advances i n  space based 
power a v a i l a b i l i t y  were l a y g i n g  and t h a t  m iss ions  compat ib le  w i t h  a r c j e t  technology had n o t  
developed. For these reasons. t he  NASA-sponsored a r c j e t  program was d i scon t inued .  A comprehensive 
rev iew  of the e f f o r t  was presented by Wal lner  and Czika i n  1965.l 
power a r c j e t  i n  1983 f o r  a p p l i c a t i o n  t o  miss ions,  such as no r th -sou th  s t a t i o n k e e p i n g  (NSSK) on 
geosynchronous communications s a t e l l i t e s .  A t  about t h e  same t ime,  t h e  A i r  Force s t a r t e d  research  on 
30 KW c l a s s  dev ices f o r  h i g h  t h r u s t  a p p l i c a t i o n s .  I t  was recognized e a r l y  i n  bo th  o f  these programs 
t h a t  hyd raz ine  and ammonia were the most v i a b l e  p r o p e l l a n t s  as the  l o n g  t e r m  s torage o f  hydrogen was 
a s  y e t  p r o h i b i t i v e  f rom the s tandpo in t  o f  system mass. F o r  c o m p a t i b i l i t y  w i t h  modern s a t e l l i t e s  the  
low power work has been centered around the  1.2 kW l e v e l  w i t h  t h e  decomposi t ion p roduc ts  o f  hyd raz ine  
as the  p r o p e l l a n t .  
w i l l  r e q u i r e  a new system design and an a m n i a  system woll ld e l i m i n a t e  the  need f o r  a gas generator  
and o f f e r  a h i g h e r  s p e c i f i c  impulse than does hyd raz ine  due t o  i t s  lower  molecular  we igh t .  
To be o f  va lue  i n  the proposed m iss ions ,  b o t h  the  h i g h  and low power a r c j e t s  w i l l  be r e q u i r e d  t o  
ope ra te  r e l i a b l y  over  l o n g  p e r i o d s  o f  t ime .  I n  a t y p i c a l  NSSK m i s s i o n  scenar io .  t he  low power a r c j e t  
l i f e  requi rement  has been es t ima ted  a t  600 hours taken i n  app rox ima te l y  1 hour increments ove r  a 
Recen t l y ,  i n t e r e s t  i n  the  a r c j e t  has been r e k i n d l e d .  NASA began a program t o  develop the  low 
The h i g h  power dev ices have been used p r i m a r i l y  w i t h  ammonia s ince  any m iss ion  
*1988 A i r  Force Cadet Summer Research Program. 
1 
10 year  p e r i c ~ d . ~ ~ j  For the  SP-100 re fe rence  m i s s i o n  a long- term l i f e  w i l l  be requ i red .  and e l  c t r o d e  
were s u c c e s s f u l l y  completed a t  t he  30 kW l e v e l ,  as was a 150 hour t e s t  o f  a 2 kW device.6 A l l  o f  
these t e s t s  were performed us ing  hydrogen as t h e  prope l ' lan t .  Ammonia was t r i e d  b r i e f l y  a t  h i g h  power 
i n  a s l i g h t l y  m o d i f i e d  engine b u t  no l ong  term t e s t i n g  took  p l a c e .  Tests w i t h  p r o p e l l a n t s  o t h e r  than 
hydrogen a t  low power met w i th  l i t t l e  s u c ~ e s s . ~  A more r e c e n t  endurance t e s t  was undertaken a t  t h e  
J e t  P ropu ls ion  Labora to ry  u s i n g  a 1960's des ign a r c j e t  w i t h  ammonia and severe cathode degradat ion,  
i n  t h e  fo rm o f  d e n d r i t e  fo rma t ion ,  was observed a f t e r  573 hours.8.9 
e r o s i o n  i n  h i g h  power a r c j e t s  i s  c u r r e n t l y  i n  progress.10 
Some pa ramet r i c  t e s t i n g  o f  a r c j e t  cathode e r o s i o n  c h a r a c t e r i s t i c s  has been done a t  low power on 
hyd raz ine .  These t e s t s  i n d i c a t e  t h a t  i n c r e a s i n g  b o t h  chamber p ressu re  and cathode diameter decrease 
e r o s i o n  i n  s h o r t  term t e s t s . 3  
1.26 kW suggest t h a t ,  a f t e r  an i n i t i a l  bu rn - in  p e r i o d ,  t h e  cathode reaches a steady s t a t e  
c o n f i g u r a t i o n  and t h a t  e ros ion  may n o t  be a severe problem i n  t h i s  power range.11 
e r o s i o n  i s  a concern.  Dur ing the  e a r l i e r  a r c j e t  program. endurance t e s t s  o f  bo th  5004 and 720 f hours 
An i n v e s t i g a t i o n  o f  cathode 
Resu l t s  f rom a r e c e n t l y  completed long- term c y c l i c  l i f e t e s t  a t  
I n  a l l  of  the  above ment ioned t e s t s ,  t h o r i a t e d  tungsten weld ing rods  have been used f o r  
cathodes. 
e f f e c t s .  For t h i s  r e p o r t ,  cathode t i p s  were f a b r i c a t e d  f rom a number o f  d i f f e r e n t  candidate 
m a t e r i a l s .  These were r u n  i n  low power t h r u s t e r s  under c o n d i t i o n s  t y p i c a l  o f  those a n t i c i p a t e d  
o n - o r b i t .  
presented.  A 100 hour cont inuous l i f e t e s t  was a l s o  run f o r  t h i s  s tudy .  
and f rom t h e  1000 hour c y c l i c  l i f e t e s t  were examined and these r e s u l t s  a r e  a l s o  presented. 
APPARATUS 
L i t t l e  work has been performed t o  c h a r a c t e r i z e  e ros ion  ove r  t ime  o r  t o  examine m a t e r i a l  
The t i p s  were removed p e r i o d i c a l l y  for a n a l y s i s  and t h e  r e s u l t s  of t h e  analyses a r e  
The cathodes f rom b o t h  t h i s  
Two areas uf low power' a r c j e t  cathode have been i n v e s t i g a t e d .  The f i rs t  area deals  w i t h  a 
d i r e c t  comparison o f  d i f f e r e n t  types o f  cathode m a t e r i a l .  S i x  d i f f e r e n t  cathode t i p s  were machined 
t o  i d e n t i c a l  geometr ies i n  an e f f o r t  t o  compare e r o s i o n  r a t e s ,  o p e r a t i n g  vo l tage ,  and s t a r t i n g  
c h a r a c t e r i s t i c s  o f  each. The second area o f  cathode phenomena dea ls  w i t h  the  m e t a l l u r g i c a l  changes 
o f  a chosen m a t e r i a l  a f t e r  a pro longed cont inuous l i f e t e s t .  Gra in  s t r u c t u r e ,  cathode t i p  geometry, 
and t h o r i u m  o x i d e  d e p l e t i o n  were t h e  main concerns.  
shown i n  F i g u r e  1 .  Th is  r a d i a t i v e l y  cooled t h r u s t e r  was designed to  a l l o w  convenient  and repea tab le  
a isembly.  A 2% t h o r i a t e d  tungsten nozz le  was used. The c o n s t r i c t o r  was 0.64 mm d iameter  by 0.41 mm 
long .  The converg ing and d i v e r g i n g  ends o f  t h e  nozz le  were con ica l  w i t h  h a l f  angles o f  300 and 20°. 
r e s p e c t i v e l y .  The anode cathode gap spacing was s e t  by  i n s e r t i n g  t h e  cathode i n t o  t h e  t h r u s t e r  u n t i l  
c o n t a c t  was made w i t h  t h e  anode and then wi thdrawing t h e  d e s i r e d  amount. 
h e r e i n ,  a gap o f  0.58 mm was used. Gdseous p r o p e l l a n t  was i n j e c t e d  t a n g e n t i a l l y  i n t o  a c y l i n d r i c a l  
a r c  chamber j u s t  upstream o f  t he  nozz le .  
f l o w  f i e l d .  
Cathode m a t e r i a l s  comparison t e s t s  were conducted w i t h  a l a b o r a t o r y  a r c j e t  whose schematic i s  
For t h e  t e s t s  desc r ibed  
Gas entered through two 0.34 mm d i a  ho les  t o  form a Vor tex 
Each a r c j e t  cathode t i p  cons is ted  o f  a c y l i n d r i c a l  r o d  3.18 mm i n  diameter w i t h  a 300 h a l f  ang le  
c o n i c a l  t i p  a t  one end ( F i g u r e  2 (a ) ) .  These t i p s  were approx imate ly  10 mm i n  l e n g t h ,  w i t h  t h e  
c o n i c a l  t i p  a t  one end and an at tachment p i n  a t  t h e  o t h e r .  Due t o  t h e  s h o r t  l e n g t h  o f  each sample, 
an ex tens ion  r o d  was used t o  h o l d  t h e  cathode t i p  m a t e r i a l  w i t h i n  the  a r c j e t  t h r u s t e r  ( F i g u r e  2 (b ) ) .  
The ex tens ion  r o d  was 3.18 mm i n  d iameter ,  and 20 cm long,  and made from 2% t h o r i a t e d  tungsten.  
f o u r  prong r e c e p t a c l e  a t  one end was used to  g r i p  t h e  at tachment p i n  o f  each sample. Tolerances were 
h e l d  such t h a t  t h i s  r e c e p t a c l e  p rov ided  a s p r i n g  loaded f r i c t i o n  f i t  a l l o w i n g  f o r  easy in terchanges 
o f  cathode t i p  samples. F i g u r e  2 (c )  shows t h e  assembled cathode as i t  was p u t  i n t o  t h e  t h r u s t e r .  
The cathode used i n  t h e  100 cont inuous hour t e s t  d i f f e r e d  f rom t h a t  o f  t he  m a t e r i a l  comparison s tudy 
i n  t h a t  a s i n g l e  p iece ,  3.2 mm d i d  by  190 mm long, t h o r i a t e d  tungs ten  r o d  was used. 
30" c o n i c a l  t i p  a t  one end, and was d i r e c t l y  i n te rchangeab le  w i t h  t h e  cathode assembly used f o r  
m a t e r i a l  comparisons. 
boron n i t r i d e  f r o n t  i n s u l a t o r .  L o n g i t u d i n a l  grooves a long  t h e  o u t e r  su r face  o f  t h e  i n s u l a t o r  a l l owed  
passage o f  p r o p e l l a n t  t o  t h e  chamber i n j e c t i o n  ho les  and p e r m i t t e d  r e g e n e r a t i v e  p rehea t ing  of  t h e  gas. 
The t h o r i a t e d  tungsten nozz le,  gas i n j e c t o r ,  and f r o n t  i n s u l a t o r  were a l l  conta ined w i t h i n  an 
anode housing.  
g r a p h i t e  gaskets .  
a l s o  served as a thermal r a d i a t o r  f o r  t h e  tungsten nozz le .  
ex tens ion  r o d  and e l e c t r i c a l l y  i s o l a t e d  t h e  p r o p e l l a n t  feed tube.  
f i t t i n g  was used t o  clamp and seal  t h e  cathode i n  p o s i t i o n .  
i n t o  a s t a i n l e s s  s t e e l  anchor l o c a t e d  deep w i t h i n  t h e  i n s u l a t o r .  The anchor was bored through to  
a l l o w  the  cathode and i t s  i n s u l a t i n g  sheath t o  pass a x i a l l y  down t h e  a r c j e t s  cen te r .  
A 
I t  a l s o  had a 
I n  each a r c j e t  t e s t  assembly t h e  cathode was centered c o a x i a l l y  w i t h i n  t h e  a r c  chamber by  a 
Each component was p o s i t i o n e d  w i t h i n  t h e  b a r r e l  o f  t h e  housing and separated by 
The w a l l s  o f  t h e  housing n o t  o n l y  d i r e c t e d  and preheated incoming p r o p e l l a n t ,  b u t  
The r e a r  h a l f  o f  t h e  a r c j e t  cons i s ted  o f  a boron n i t r i d e  i n s u l a t o r  which anchored t h e  cathode 
A mod i f i ed  compression t ype  gas 
The p r o p e l l a n t  feed tube was threaded 
2 
t 
A c o i l e d  s p r i n g  made f rom Incone l  X-750 and a boron n i t r i d e  compression p lunger  were l o c a t e d  i n  
the r e a r  i n s u l a t o r .  Force from the  s p r i n g  was used t o  a x i d l l y  compress i n t e r n a l  g r a p h i t e  gaskets 
around the gas i n j e c t o r  and nozz le  l o c a t e d  i n  t h e  f r o n t  o f  the a r c j e t . .  Machining to le rances  were s e t  
t o  accommodate r a d i a l  thermal expansion over t h e  e n t i r e  h e d t i n g  and c o o l i n g  c y c l e .  The anode housing 
was j o i n e d  t o  the  r e a r  i n s u l a t o r  assembly us ing  two s t a i n l e s s  s t e e l  f langes and fou r  b o l t s .  The 
f langes w e r e  designed t o  f l e x  a x i a l l y  t o  m a i n t a i n  u n i f o r m  pressure over  t h i s  j o i n t .  
Tes t i na  was Derformed i n  one o f  two seDarate vacuum f a c i l i t i e s .  deDendinq on a v a i l a b i l i t y .  Long 
d u r a t i o n  runs w e r e  no rma l l y  c a r r i e d  o u t  i n  a 0.64 m d iameter  by 0.64 m i o n g  b e l l  j a r .  
mechanical roughing pump w i t h  a c a p a c i t y  o f  21000 L/min was used, which mainta ined an ambient 
p ressu re  i n  the  b e l l  j a r  o f  approx imate ly  100 Pa (0.75 t o r r )  d u r i n g  a r c j e t  o p e r a t i o n .  Other t e s t  
was performed i n  a tank t h d t  wds 1.5 meters i n  d iameter ,  5 meters long,  and se rv i ced  by f o u r  
30,000 L / s e c  o i l  d i f f u s i o n  pumps. Pumping speeds were such t h a t  ambient pressure i n s i d e  the  tank 
approx ima te l y  5 ~ 1 0 - ~  Pa d u r i n g  a r c j e t  o p e r a t i o n .  The t h r u s t e r  t o  be t e s t e d  was p laced w i t h i n  a 0 
d iameter  by 0 . 9  m l ong  p o r t  ex tens ion  a t  one end o f  the taink. 
P r o p e l l a n t  f o r  a l l  t e s t s  cons is ted  o f  a hyd rogen /n i t rogen  gas m i x t u r e  a t  a volume r a t i o  o f  2 
t o  s imu la te  f u l l v  decomDosed hvdraz ine.  A two channel mass f l o w  c o n t r o l  system was used t o  meter 
A s i n g i e  
ng 
was 
9 m  
1 
and 
r e g u l a t e  bo th  ga ies  separately:  The gases were then mixed i n  the  p r o p e l l a n t  feed l i n e  on the  way t o  
the  t h r u s t e r .  Each channel c o u l d  be operated f rom a c e n t r a l  console,  or remote ly  through an e x t e r n a l  
s e t  p o i n t .  The maximum f l o w  r a t e  a v a i l a b l e  was 10 L/min f o r  each gas, a t  a feed l i n e  pressure of  up 
t o  9 . 6 ~ 1 0 5  Pa. 
A pu l se  w i d t h  modulated power supply  w i t h  f a s t  c u r r e n t  r e g u l a t i o n  was used t o  power the  a r c j e t  
A 4 kV pu lse  cou ld  be a p p l i e d  t o  the  a r c j e t  once every 
t h r u s t e r .  
12 amps c o u l d  be drawn a t  120 V dc. 
t he  power supply  t o  i n i t i a t e  a r c  breakdown. 
second u n t i l  i g n i t i o n  occurred.  
f l o w r a t e ,  and i n l e t  p ressu re .  A r c  c u r r e n t  was measured us ing  a H a l l - e f f e c t  c u r r e n t  probe a t tached  a t  
a vacuum teed through on the  t e s t  chamber. 
c a l i b r a t i o n  wds checked p r i o r  t o  each t e s t  run .  Arc v o l t a g e  was a l s o  moni tored a t  the vacuum feed 
through and reduced w i t h  a 1 O : l  v o l t a g e  d i v i d e r  t o  avo id  t r a n s i e n t  sp ikes t o  the  r e c o r d i n g  equipment 
d u r i n g  s t a r t u p .  A d i g i t a l  m u l t i m e t e r  was a l s o  used t o  mon i to r  t h e  a r c  vo l tage .  An o p t i c a l  i s o l a t i o n  
a m p l i f i e r  was used t o  e l i m i n a t e  no ise  i n t e r f e r e n c e .  A l l  exper imenta l  data was recorded us ing  an 8 
channel s t r i p  c h a r t  r e c o r d e r .  The d i g i t a l  d i s p l a y s  o f  va r ious  i ns t rumen ts  w e r e  recorded p e r i o d i c a l l y  
t o  o b t a i n  p r e c i s e  da ta  p o i n t s .  
An open c i r c u i t  v o l t a g e  of 175 V dc was a v a i l a b l e  w i t h  t h i s  u n i t  and a maximum c u r r e n t  o f  
A h i g h  v o l t a g e  s t a r t i n g  pu lse  generator  was inco rpo ra ted  i n t o  
Exper imenta l  da ta  ob ta ined  d u r i n g  f i r i n g  i n c l u d e d  a r c  vo l tage ,  c u r r e n t ,  p r o p e l l a n t  mass 
The probe p rov ided  e x c e l l e n t  no i se  i s o l a t i o n  and i t s  
EX PE R I M E N TAL PROC E C)UR E S 
A major- goal o f  t h i s  i n v e s t i g a t i o n  was t o  compare t h e  s u i t a b i l i t y  o f  a number o f  d i f f e r e n t  
cathode m a t e r i a l  samples f o r  use i n  an a r c j e t .  Each sample was machined t o  the  same shape, and r u n  
a t  as c l o s e  t o  i d e n t i c a l  c o n d i t i o n s  as was p r a c t i c a l .  The c r i t e r i o n  f o r  comparison were  mass l o s s ,  
steady s t a t e  vo l tage ,  and a r c  s t a b i l i t y .  
The sequence began w i t h  2 hours o f  o p e r a t i o n  f o l l o w e d  by another  2 hour r u n  and a f i n a l  5 hour r u n .  
A f t e r  each o f  these cyc les  t h e  t h r u s t e r  was disassembled for examinat ion o f  the  cathode t i p .  
o f  3 mass l o s s  da ta  p o i n t s .  
hardware over  the  d u r a t i o n  o f  t e s t i n g ,  an e f f o r t  was made t o  proceed w i t h  a l l  samples through t h e  
comp le t i on  o f  a g i v e n  s tage o f  t e s t i n g  b e f o r e  go ing  on t o  t h e  n e x t .  Except ions t o  t h i s  r u l e  were 
e s t a b l i s h e d  when t h e  f i r s t  2 hour b u r n - i n  revea led  some ma.teria1 samples which were a t  h i g h e r  r i s k  o f  
n o t  comp le t i ng  t h e  i n tended  t e s t  sequence. 
s e c t i o n .  
Each sample was t e s t e d  i n  stages so t h a t  some i n d i c a t i o n  o f  long- term t rends cou ld  be i n f e r r e d .  
Cathode mass l o s s  was determined d u r i n g  d isassembl ies between each s tage o f  t e s t i n g ,  f o r  a t o t a l  
A s  a means t o  reduce e f f e c t s  f rom p o s s i b l e  cumu la t i ve  changes i n  t e s t  
This  w i l l  be d iscussed i n  g r e a t e r  d e t a i l  i n  a f o l l o w i n g  
P r i o r  t o  t e s t i n g .  each t i p  sample was weighed u s i n g  am e l e c t r o n i c  a n a l y t i c a l  ba lance.  The sca le  
was c a l i b r a t e d  b e f o r e  each weighing and each cathode sample was tho rough ly  c leaned.  
w e r e  taken and averaged f o r  each sample. 
one sample was weighed on two separate dates.  
d i f f e r e n c e  i n  weight  f rom t h e  two measurements was o n l y  0 .01  mg. 
photographs were a l s o  taken o f  each cathode t i p  p r i o r  t o  t e s t i n g .  
procedure on every occasion.  
check was made p r i o r  t o  each run .  
i n s t r u m e n t a t i o n  was a l l owed  a t  l e a s t  1 hour t o  warm up. 
Three weighings 
Scanning E l e c t r o n  Microscope (SEM) 
I n  o r d e r  t o  determine t h e  r e p r o d u c i b i l i t y  o f  t h i s  method, 
The t o t a l  weight  o f  each t i p  was about l g  and the  
Each cathode sample was assembled i n  t h e  common a r c j e t  desc r ibed  p r e v i o u s l y  u s i n g  the  same 
The a r c  gap was s e t  t o  0.58 mm f o r  each cathode and a pressure l e a k  
The t h r u s t e r  was i n s t a l l e d  i n  a vacuum f a c i l i t y  and a l l  
The p r o p e l l a n t  gas f l o w  r a t e s  were s e t  t o  
3 
g i v e  a 2 : l  hydrogen t o  n i t r o g e n  m i x t u r e  r a t i o  a t  a mass f l o w  r a t e  o f  approx imate ly  0.05 grams/ 
second. A f t e r  each o p e r a t i n g  p e r i o d  the  
t h r u s t e r  was a l lowed t o  cool  b r i e f l y  b e f o r e  be ing  removed from the  vacuum f a c i l i t y  and disassembled. 
A p o s t - t e s t  pressure check and a r c  gap measurement were made t o  v e r i f y - t h e  i n t e g r i t y  o f  t he  a r c j e t .  
A common t e s t  p r o f i l e  was in tended f o r  each cathode t i p .  I n  the i n i t i a l  2 hour run ,  t he  a r c j e t  
was s t a r t e d  a t  12  A ,  and then tu rned  down t o  1 1  A (approx imate ly  1 . 1  kW) a f t e r  about 1 minute.  The 
c u r r e n t  was then l e f t  a t  1 1  A f o r  t he  remainder o f  t he  2 hours.  Cur ren t ,  vo l tage ,  and pressure 
measurements were  recorded a t  15 minute i n t e r v a l s  throughout  the r u n .  A f t e r  d isassembly,  each t i p  
was weighed and photographed us ing  the  procedures desc r ibed  e a r l i e r .  
The a r c j e t  was reassembled f o r  t h e  second stage o f  t e s t i n g .  This  began w i t h  two b r i e f  o p e r a t i n g  
p e r i o d s  i n  which t r a n s i e n t  behavior  was observed p r i o r  t o  steady s t a t e  a r c  at tachment (app rox ima te l y  
2 m inu tes ) .  About 15 minutes o f  c o o l i n g  t ime was a l lowed between r e s t a r t s .  A 2 hour 1 1  amp t e s t  r u n  
f o l l o w e d  i n  which vo l tage ,  gas f l o w ,  and pressure were  recorded a t  15 minute i n t e r v a l s .  A f t e r  t h i s  
second 2 hour run,, t he  cathode t i p  was once again weighed and photographed. 
were r e c o r d e d ' a t  h a l f - h o u r  i n t e r v a l s .  
and photographed a f i n a l  t ime.  
This was g i ven  5 minutes t o  e q u i l i b r a t e  p r i o r  t o  i g n i t i o n .  
The t h i r d  stage o f  t e s t i n g  cons is ted  o f  a 5 hour r u n  a t  1 1  A .  Thruster  o p e r a t i n g  parameters 
This  r u n  concluded the  t e s t  and the  cathode t i p  was weighed 
F o l l o w i n g  f i n a l  
l eng thw ise  cross-sec 
the  g r a i n  boundar ies 
f o r  e lementa l  analys 
su r face  a n a l y s i s ,  each cathode sample was encapsulated and ground t o  revea l  a 
i o n  a long i t s  cen te r  a x i s .  The su r face  was then chemica l l y  etched t o  b r i n g  o u t  
s on se lec ted  samples. 
Both energy d i s p e r s i v e  x-ray a n a l y s i s  (EDS) and Auger spectroscopy were used 
RESULTS AND DISCUSSION 
Cathode T i p  Eva lua t i ons  
General Observat ions.  A s  i n d i c a t e d  i n  the preceding s e c t i o n ,  a c o n t r o l l e d  t e s t  sequence was 
at tempted w i t h  each o f  t he  cathode t i p s  i n  o rde r  t o  s tudy the e r o s i o n  c h a r a c t e r i s t i c s  o f  t he  v a r i o u s  
m a t e r i a l s .  The m a t e r i a l s  used a re  g i ven  i n  Table I .  The f u l l  s e r i e s  o f  t e s t s  was p o s s i b l e  w i t h  a l l  
o f  t he  tungsten based m a t e r i a l s .  I n  these t e s t s ,  t he  a r c j e t s  r a n  s t a b l y  and l i t t l e  anomalous 
behavior  was noted.  
abnormal amount o f  spa rk ing  was observed a t  t he  s t a r t  o f  t he  t e s t  and t h i s  cont inued a f t e r  t he  a r c j e t  
v o l t a g e  had s t a b i l i z e d  and the  a r c j e t  was runn ing  i n  h i g h  mode ( i . e . ,  w i t h  the anode at tachment i n  
the  d i v e r g e n t  s e c t i o n  o f  the n o z z l e ) .  Because o f  t h i s ,  t he  t e s t  was stopped f o r  an e v a l u a t i o n  o f  t he  
t i p  a f t e r  2-1/2 minutes.  The r e s u l t s  w i l l  be d iscussed below. Thermal s t r e s s  c r a c k i n g  was a problem 
w i t h  the  hafn ium ca rb ide  t i p  and t h i s  t e s t  was a l s o  te rm ina ted  a f t e r  a ve ry  b r i e f  p e r i o d  as desc r ibed  
below. P r e v i o u s l y ,  a hafnium ca rb ide  t i p  was r u n  a t  t h i s  l a b o r a t o r y  i n  suppor t  o f  another 
program.12 
I n  the a r c j e t  t h r u s t e r  the d i f f e r e n c e  i n  p o t e n t i a l  between the  
e l e c t r o d e s  i s  equal t o  t h e  summation o f  t he  v o l t a g e  drops across the  cathode f a l l  zone, t h e  body o f  
t he  a r c ,  and the  anode f a l l  zone. The same anode geometry and o p e r a t i n g  c o n d i t i o n s  were used i n  each 
o f  t h e  cathode t i p  t e s t s  and, as mentioned p r e v i o u s l y ,  normal, h i g h  mode behavior  was observed i n  a l l  
t h e  t e s t s .  Thus, any major d i f f e r e n c e s  i n  o p e r a t i n g  v o l t a g e  should be a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  
t b e  cathode f a l l  zone a t  t h e  cathode t i p .  Th is  assumes t h e  gap s e t t i n g  was repea tab le  f rom t e s t  t o  
t e s t  which was an i n i t i a l  concern i n  these exper iments.  Table I 1  shows the  o p e r a t i n g  vo l tages  o f  t he  
cathode t i p s  a t  t he  end o f  t h e  va r ious  t e s t  p e r i o d s .  From the  Table i t  i s  obvious t h a t  t h e r e  was 
ve ry  l i t t l e  v a r i a t i o n  i n  v o l t a g e  between t h e  t i p s  made f rom t h e  t h r e e  tungsten-based m a t e r i a l s  
(cathodes 1 t o  4). A general  t r e n d  o f  a gradual  i nc rease  i n  v o l t a g e  w i t h  t ime i s  d i sp layed .  This  
was caused by the  gradual  recess ion  o f  t he  cathode t i p  t o  a s teady-state c o n d i t i o n ,  which has t h e  
e f f e c t  o f  l eng then ing  the  a r c .  
be d iscussed i n  more d e t a i l  i n  f o l l o w i n g  s e c t i o n s .  
i d e n t i c a l  r e s u l t s .  
The o p e r a t i n g  v o l t a g e  of  t h e  t h r u s t e r  w i t h  t h e  rhenium based cathode rose more r a p i d l y  than i n  
the  t e s t s  w i t h  t h e  tungsten based cathode t i p s .  I n  these t e s t s ,  t h e  c u r r e n t  had t o  be decreased as 
the  power i n t o  the  a r c j e t  s t r u c t u r e  became excess ive.  This  r a p i d  r i s e  i n  vo l tage  suggests a h i g h e r  
r a t e  o f  cathode recess ion ,  t h i s  was observed i n  t h e  SEM photographs and w i l l  be d iscussed i n  the  nex t  
s e c t i o n .  
A s  p r e v i o u s l y  discussed, o n l y  a s i n g l e  t e s t  o f  a hafn ium ca rb ide  t i p  was performed i n  which 
steady s t a t e  o p e r a t i o n  was-obta ined.  The o p e r a t i n g  t i m e  i n  t h i s  t e s t  w2s approx imate ly  1 and 1-11,? 
hours and i t  was r u n  a t  10 A r a t h e r  than 1 1  t o  decrease the  heat l oad  a t  t he  t i p .  I n  t h i s  t e s t  
s t a b l e  a r c j e t  o p e r a t i o n  was observed b u t  t he  v o l t a g e  increased ve ry  r a p i d l y ,  about 22 v o l t s ,  ove r  the  
course o f  t h e  t e s t .  A s  i n  t h e  case of t h e  rhenium-based cathode t h i s  i n d i c a t e s  r a p i d  changes i n  the  
cathode t i p  s t r u c t u r e .  The i n i t i a l  v o l t a g e  l e v e l ,  however, was s i m i l a r  t o  v o l t a g e  l e v e l s  observed i n  
The t e s t  sequence was a l t e r e d  f o r  t he  t i p  made o f  2% t h o r i a t e d  rhenium. An 
The r e s u l t s  o f  t h i s  t e s t  a re  r e p o r t e d  here f o r  completeness. 
Vol taqe-Current  C h a r a c t e r i s t i c s .  
T i p  recess ion  has been documented i n  p rev ious  t e s t i n g 1 l , l 3  and w i l l  
The two t i p s  o f  2% t h o r i a t e d  tungsten gave a lmost  
4 
o t h e r  a r c j e t  t e s t i n g  under s i m i l a r  c o n d i t i o n s .  
as t h e  f a l l  zone, were n o t  much d i f f e r e n t  f o r  t h i s  t i p  than i n  the  case o f  t he  s tandard metal  
cathodes. 
This  suggests t h a t  c o n d i t i o n s  near the  cathode, such 
Mass Loss Measurements. Many i n v e s t i g a t i o n s  o f  cathode phenomena i n  f r e e  bu rn ing  a rcs  a t  
p ressu re  l e v e l s  between vacuum and atmospher ic have been p e r f ~ r m e d . l ~ - ~ ~  
under many c o n d i t i o n s  the a r c  c u r r e n t  i s  e m i t t e d  f rom one or more small  mol ten spots on the  cathode 
su r face  and t h a t  these spots move r a p i d l y  across the  su r face .  Po r to ,  e t  a l . ,  suggest t h a t  i s  l i k e l y  
t h a t ,  f o r  c o l d  cathodes, these spots e x h i b i t  t h e  same bas ic  c h a r a c t e r i s t i c s  rega rd less  o f  t h e  ambient 
p r e s s u r e . l 6  I n  genera l ,  these s t u d i e s  have i n d i c a t e d  t h a t  e ros ion  r a t e s  a r e  dependent on bo th  
pressure and c u r r e n t  b u t  do n o t  suggest a dependence on o p e r a t i n g  t ime.  
Hardy and Nakanish i20 show t h a t  cathode mass l o s s  r a t e s  i n  f r e e  bu rn ing .  h i g h  pressure a r c  d ischarges 
a r e  l i n e a r  w i t h  t ime  i n  m o s t  cases. This  i s  n o t  s u r p r i s i n g  i n  t h a t  t h e  mot ion o f  t he  cathode 
at tachment r e g i o n  produces cons tan t  cathode su r face  c o n d i t i o n s .  
however. A s  noted e a r l i e r ,  t he  a r c  i s  f o r c e d  t o  seat  a t  t he  cathode t i p  by the  p r o p e l l a n t  
t l o w f i e l d .  Thus, t h e  e r o s i o n  c h a r a c t e r i s t i c s  f o r  t he  a r c j e t  may be q u i t e  d i f f e r e n t  than those 
observed i n  the  case o f  t he  f r e e  bu rn ing  a r c .  F i g u r e  3 shows t h e  mass l o s s ,  as a f u n c t i o n  o f  t ime,  
f o r  t h e  va r ious  a r c j e t  cathode t i p s  t e s t e d .  
shown i n  Table 111. From p rev ious  da ta  a mass l o s s  r a t e  f o r  t he  1000 hour l i f e t e s t  cathode was a l s o  
es t ima ted  and i n c l u d e d  i n  t h e  Table. 
samples made f rom 2% t h o r i a t e d  tungsten d i sp layed  n e a r l y  i d e n t i c a l  e ros ion  c h a r a c t e r i s t i c s .  
enough da ta  w e r e  c o l l e c t e d  t o  a l l o w  a f u l l  s t a t i s t i c a l  a n a l y s i s .  The r e s u l t s  o f  these two separate 
t e s t s ,  however, taken w i t h  the p r e v i o u s l y  noted s i m i l a r i t y  i n  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s ,  
i n d i c a t e  t h a t  t he  t e s t s  were r u n  w i t h  reasonable r e p e a t a b i l i t y .  
t h a t  t h e  mass l o s s  r a t e s  f o r  t he  o t h e r  two tungsten-based t i p s  were h ighe r  than those observed i n  the 
two 2% t h o r i a t e d  tungsten based t i p s  o n l y  over t h e  f i r s t  2 hours o f  t e s t i n g .  A f t e r  t h i s ,  t he  mass 
l o s s  r a t e s  f o r  a l l  t he  tungsten-based m a t e r i a l s  were v i r t u a l l y  i d e n t i c a l .  A rough idea o f  how t h e  
e r o s i o n  r a t e  decreases over  long pe r iods  o f  t i m e  can be e x t r a c t e d  us ing  t h e  averaged mass l o s s  da ta  
f rom the  2% t h o r i a t e d  tungsten cathode t i p  t e s t s  and t h a t  ob ta ined  i n  the 1000 hour l i f e t e s t .  Th i s  
a n a l y s i s  i s  based on the  assumption t h a t  t he  dominant cathode c o o l i n g  mechanism i s  r a d i a t i v e .  The 
mass l o s s  r a t e  for t h e  1000 hour t e s t  cathode, as shown i n  Table 111, was est imated by s u b t r a c t i n g  
the  averaged mass l o s s  ob ta ined  w i t h  the  two 2% t h o r i a t e d  tungsten t i p s  a t  the 9 hour mark from t h a t  
o f  t he  t o t a l  mass l o s s  measured i n  the  1000 hour t e s t  t o  o b t a i n  the  mass l o s t  a f t e r  t h i s  p o i n t  i n  the  
l i f e t e s t .  Th is  i s  c e r t a i n l y  t o  be considered o n l y  an approx imat ion as the  cathode t i p  shape and the  
mass f l o w  r a t e  w e r e  s l i g h t l y  d i f f e r e n t  i n  t h e  l i f e t e s t  thari i n  t h e  cathode t i p  t e s t s .  However, bo th  
o f  these would be expected t o  have l i t t l e  a f f e c t  on t h e  mass l o s s  r a t e  and so the  da ta  i n  Table 111 
a r e  l i k e l y  reasonable.  From Table 111, i t  i s  ev iden t  t h a t  t h e  mass l o s s  r a t e  decreases s i g n i f i c a n t l y  
w i t h  t ime .  The mass l o s s  r a t e  es t ima ted  a t  1000 hours i s  n e a r l y  an o rde r  o f  magnitude below t h e  
i n i t i a l  mass l o s s  r a t e  f o r  cathodes 1 and 2. I n  f a c t .  t h i s  may be an o v e r e s t i m a t i o n  of  t he  mass l o s s  
r a t e  a t  t he  end o f  t h e  t e s t .  Given t h e  observed t rend ,  t he  l a c k  o f  da ta  p o i n t s  a t  i n t e r m e d i a t e  t ime  
i n t e r v a l s  p robab ly  leads t o  an ove res t ima te  o f  t h e  e ros ion  r a t e  a t  t he  1000 hour p o i n t .  Th is  i s  
c o n s i s t e n t  w i t h  t h e  p o s t u l a t e  t h a t  t he  cathode erodes q u i c k l y  back f rom the  o r i g i n a l  sharpened t i p  t o  
a near s tead s t a t e  shape f rom which t h e  mass l o s s  r a t e  i s  ve ry  smal l ,  as suggested i n  e a r l i e r  
s t u d i e s . l l ~ ~ ~  The decrease i n  the  mass l o s s  r a t e  w i t h  t ime  a l s o  i n d i c a t e s  t h a t  f o r  t he  case o f  t h e  
a r c j e t ,  i n  which t h e  a r c  i s  f o r c e d  t o  the  t i p  by the  f l o w  f i e l d ,  t h e  e ros ion  phenomena cannot be 
s imp ly  d e s c r i b e d  b y  a p l o t  of grams/coulumb or grams/hour a s  i n  t h e  case o f  t h e  f r e e  bu rn ing  a r c  
e x p e r i r n e n t ~ l ~ ~ ~ ~  no ted  a t  t h e  s t a r t  o f  t h i s  s e c t i o n .  
than t h a t  o f  t h e  o t h e r  tungsten-based m a t e r i a l s .  For t h i s  sample the  mass l o s s  r a t e  a f t e r  4 hours o f  
o p e r a t i o n  was seen to  be an o rde r  o f  magnitude above those measured f o r  t h e  tungsten-based cathode 
t i p s .  
o f  2% t h o r i a t e d  tungsten.  A s  w i l l  be d iscussed i n  t h e  n e x t  two s e c t i o n s ,  t he  tho r ium o x i d e  l i k e l y  
does n o t  p l a y  a s i g n i f i c a n t  r o l e  i n  the emiss ion process and t h e  observed mass l o s s  r a t e s  can be 
exp la ined  s o l e l y  by evaporat ion.  
d i s p l a y e d  a mass l o s s  r a t e  s i g n i f i c a n t l y  h i g h e r  than t h a t  o f  t h e  t i p  c o n t a i n i n g  25% rhenium i m p l i e s  
t h a t  i t  must have been runn ing  a t  a h i g h e r  temperature.  
rhenium has a s i g n i f i c a n t l y  h ighe r  work f u n c t i o n  than does pure tungsten (5.1 versus 4.5 V I .  
work would be necessary,  however, t o  c o n f i r m  the  p o s t u l a t e d  d i f f e r e n c e  i n  o p e r a t i n g  temperature 
between rhenium and tungs ten  t i p s .  
t he  a r c  cathode at tachment occurs f rom a small  mo l ten  c r a t e r  a t  t h e  cathode t i p  and t h a t  t h e  
dimensions o f  t h i s  c r a t e r  a r e  n e a r l y  cons tan t  w i t h  t ime.  
the  t o t a l  e r o s i o n  r a t e  would decrease w i t h  t ime.  
n e a r l y  s teady s t a t e  c o n f i g u r a t i o n ,  t h e  redeposi  t i o n  r a t e  increases l e a d i n g  t o  a lower n e t  e r o s i o n  
r a t e  ( i . e . .  a lower  mass l o s s  r a t e ) .  
D e t a i l e d  Cathode Phenomenology 
a n a l y s i s  as p a r t  o f  t h e  t e s t  and a n a l y s i s  sequence. 
I t  has been shown t h a t  
I n  f a c t ,  da ta  presented by 
This  i s  n o t  t h e  case i n  t h e  a r c j e t .  
The mass l o s s  r a t e s  f o r  t h e  tungsten-based m a t e r i a l s  a re  
From t h e  F i g u r e  and the  Table i t  can be seen t h a t  t he  two 
Not 
F igu re  3 and Table I11 a l s o  show 
F i g u r e  3 a l s o  shows t h a t  t he  mass l o s s  o f  t h e  t h o r i a t e d  rhenium cathode i s  s i g n i f i c a n t l y  h i g h e r  
The m e l t i n g  p o i n t  o f  t h e  2% t h o r i a t e d  rhenium t i p  i s  expected t o  be 200 t o  300 'C below t h a t  
I f  t h i s  i s  p o s t u l a t e d ,  then t h e  f a c t  t h a t  t h e  rhenium-based cathode 
This  c o u l d  be exp la ined  by t h e  f a c t  t h a t  
F u r t h e r  
Evidence w i l l  be presented i n  a f o l l o w i n g  s e c t i o n  t o  show t h a t  
This  be ing  the  case, i t  i s  u n l i k e l y  t h a t  
This  suggests t h a t  as the  cathode erodes back t o  a 
Tungsten Based A l l o y s .  As  d iscussed p r e v i o u s l y ,  a l l  f o u r  o f  t he  t i p s  were subjected t o  SEM 
A l l  o f  these d i s p l a y e d  s i m i l a r  phenomena so, f o r  
5 
b r e v i t y ,  one o f  the 2% t h o r i a t e d  tungsten t i p s  was chosen f o r  d e t a i l e d  a n a l y s i s  and t h i s  i s  presented 
here.  F igures 4 ( a )  t o  ( c )  show a sequence o f  SEM photographs o f  t he  t i p  taken a f t e r  2. 4,  and 9 
hours o f  o p e r a t i o n ,  r e s p e c t i v e l y .  For comparison, F igu re  4 (d )  shows a SEM photograph o f  t he  second 
2% t h o r i a t e d  tungsten t i p  a f t e r  i t s  f i r s t  2 hour run .  
the shape o f  the t i p s  i s  ve ry  s i m i l a r  i n  each case. The a r c  appears t o  have o r i g i n a t e d  from a small  
mo l ten  c r a t e r  a t  t he  t i p .  
A t  t he  c o n c l u s i o n  o f  t e s t i n g  the  cathode shown i n  F igures 4(a-c) above was sect ioned,  po l i shed ,  
and etched and then subjected t o  SEM a n a l y s i s  w i t h  bo th  energy d i s p e r s i v e  (EDS) and Auger 
spectroscopy. The e n t i r e  t i p  i n  i t s  p o l i s h e d  c o n d i t i o n  i s  shown i n  F igu re  5 (a ) ,  and F igu re  5 (b )  
shows the  t i p  a f t e r  e t c h i n g  t o  b r i n g  o u t  t h e  g r a i n  boundar ies.  
were analyzed v i a  EDS and found t o  be composed o f  t ho r ium ox ide .  
presence o f  nodules was n o t  unexpected. F igu re  5(b)  shows, however, t h a t  no nodules w e r e  p resen t  a t  
t he  cathode t i p .  I n  f a c t ,  EDS showed no tho r ium o x i d e  w i t h i n  100 t o  150 microns o f  t he  cathode t i p .  
From the  r e c r y s t a l l i z a t i o n  p a t t e r n  near the  t i p ,  t h i s  a l s o  appears t o  be the approximate depth t o  
which the  m a t e r i a l  was mol ten.  Behind t h i s  area, t he  g r a i n  boundar ies.  though i r r e g u l a r ,  appear t o  
be homogenous and u n a f f e c t e d  throughout  the  b u l k  o f  t he  m a t e r i a l  as do the  dark nodules. 
suggests t h a t , o p e r a t i o n  does n o t  cause gross changes i n  the  b u l k  m a t e r i a l  and t h a t  t h e r e  i s  l i t t l e  
m i g r a t i o n  o f  t ho r ium o x i d e  toward t h e  t i p .  
f i g u r e  5 ( c )  which p resen ts  a more magn i f i ed  v iew o f  the r e g i o n  near the c r a t e r  on the p o l i s h e d  
cathode t i p  shown i n  F igu re  5 (a ) .  Th is  photomicrograph shows t h a t  no tho r ium ox ide  nodules a r e  
p resen t  i n  t h e  r e s o l i d i f i e d  r e g i o n  near the  c r a t e r .  Thus, t he re  i s  no i n d i c a t i o n  t h a t  a r c j e t  
o p e r a t i o n  causes m i g r a t i o n  o f  t ho r ium o x i d e  toward the  mol ten c r a t e r .  
m a g n i f i c a t i o n  a number o f  occ lus ions  were  observed on some o f  t he  cathode t i p s .  
i s  shown i n  F igu re  6. 
r e g i o n  o f  t h e  t i p .  
d iamete r .  
photograph. I t  i s  l i k e l y  t h a t  t h e s e  p i t s  were s i t e s  o f  thor ium ox ide  nodules which vapor ized due t o  
the  e x t r e m e  temperature a t  the t i p .  Th is  temperature must be a t  l e a s t  t he  m e l t i n g  p o i n t  o f  tungsten 
a t  which the  vapor pressure o f  t ho r ium o x i d e  i s  g r e a t e r  than 1 t o r r . 2 1  
2% Thoi - ia ted Rhenium. A s  desc r ibed  i n  a p rev ious  sec t i on ,  t he  2% t h o r i a t e d  rhenium t i p  t e s t  was 
f i r s t  te rm ina ted  a f t e r  o n l y  2-112 minutes a f t e r  excess ive spark ing was observed i n  the plume. An SEM 
photograph o f  t h e  t i p  a t  t h i s  p o i n t  i s  shown i n  f i g u r e  7 (a ) .  From t h i s  i t  i s  obvious t h a t  a ve ry  
ex tens i ve  p o r t i o n  became mol ten ve ry  r a p i d l y .  The c r a t e r  on the t i p  a f t e r  4 hours o f  o p e r a t i o n  shown 
i n  f i g u r e  7 (b ) ,  i s  s i m i l a r  t o  those observed on o t h e r  t i p s ,  b u t  i t  does appear t o  be deeper as m igh t  
be expected f rom the  h ighe r  mass l o s s  r a t e  and o p e r a t i n g  v o l t a g e  ( i n d i c a t i n g  an increased a r c  l e n g t h ) .  
Hafnium ca rb ide  has r e c e n t l y  been suggested as an a l t e r n a t e  cathode12 m a t e r i a l  
because o f  i t s  h i g h  m e l t i n g  p o i n t  ( ca  3890 'C) and low work f u n c t i o n  o f  about 3.5 V .  Numerous 
a t tempts  were  made t o  r u n  a t i p  ground f rom hafnium ca rb ide .  I n  an i n i t i a l  exper iment w i t h  a 
s l i g h t l y  d i f f e r e n t  t i p  geometry, the t i p  r a n  w e l l  for some t ime,  b u t  cracked on r e s t a r t .  Another t i p  
cracked a lmost  immediate ly  on s t a r t  up. F i n a l l y ,  i n  t h i s  study, a t i p  was run  b r i e f l y  w i t h o u t  
c r a c k i n g .  V i s u a l l y  t he  t i p  mainta ined i t s  deep b l u e  
c o l o r a t i o n  except a t  t he  t i p  where i t s  c o l o r  had tu rned  t o  go ld .  
showed t h a t  t he  t i p  had become mol ten.  
and 8 (b )  under h i g h  m a g n i f i c a t i o n .  F i g u r e  8(a )  shows the  border  o f  t h e  mol ten area.  Large c r y s t a l s  
seem t o  have formed r i g h t  a t  t h e  edge o f  t h i s  area.  A r e g i o n  near the  cen te r  o f  t he  mol ten area i s  
shown i n  f i g u r e  8(b) .  Th is  appears t o  be r e s o l i d i f i e d  w i t h  boundar ies s i m i l a r  t o  those seen i n  the  
meta l  t i p s .  A n a l y s i s  o f  t he  composi t ion i n  t h i s  reg ion ,  however, i n d i c a t e d  t h a t  a major chemical  
change had taken p lace  as t h i s  area was found t o  now be composed o f  hafnium n i t r i d e .  This  suggests 
t h a t  a chemical  r e a c t i o n  between t h e  p r o p e l l a n t  and t h e  h o t  cathode had taken p lace.  Whi le  i t  may be 
p o s s i b l e  t o  lessen or e l i m i n a t e  the  s t r e s s  c r a c k i n g  by us ing  a hafnium ca rb ide  cermet, i t  i s  d o u b t f u l  
t h a t  t h i s  would change the  t i p  chemis t r y  and t h i s  p robab ly  means t h a t  hafnium ca rb ide  i s  n o t  a v i a b l e  
cathode m a t e r i a l .  
From these photographs, i t  can be seen t h a t  
A number o f  the dark nodules observed 
These were s i n t e r e d  cathodes so t he  
This  
A c l e a r e r  view o f  t h i s  i s  shown i n  the photomicrograph o f  
Dur ing  the  course o f  t he  SEM photography, one f i n a l  obse rva t i on  was made. Under h i g h  
An example of  t h i s  
This  photograph was taken e a r l y  i n  the t e s t  c y c l e  and shows the  r e s o l i d i f i e d  
A number o f  p i t s  a r e  seen and these a r e  approx imate ly  one t o  two microns i n  
Th is  i s  approx imate ly  the  same s i z e  as t h e  tho r ium ox ide  nodules seen i n  the e a r l i e r  
Hafnium Carb ide.  
Th is  was taken from the  t h r u s t e r  f o r  a n a l y s i s .  
SEM photographs o f  t h i s  r e g i o n  
D i f f e r e n t  reg ions  o f  t h i s  t i p  a re  shown i n  F igures 8(a)  
Long-Term Cathode Operat ion 
The a n a l y s i s  o f  the  cathode used i n  a l ong  term cont inuous ammonia a r c j e t  t e s t  r u n  a t  t he  30 kW 
power l e v e l  showed the  format ion o f  d e n d r i t e s  t h a t  grew f rom the  r i m  o f  t he  cathode t i p  c r a t e r  
outward toward the  anode.1° The cathode f rom a r e c e n t  1000 hour1500 c y c l e  low power a r c j e t  l i f e t e s t  
showed no evidence o f  d e n d r i t e  f o r m a t i o n l l .  I t  was o f  i n t e r e s t  t o  determine i f  d e n d r i t e s  would form 
a t  low power d u r i n g  long-term, cont inuous o p e r a t i o n .  To s tudy t h i s ,  a 100 hour cont inuous t e s t  o f  a 
low power ( -1  kW) a r c j e t  was run .  The cathodes from bo th  t h i s  t e s t  ana the 1000 hour cyc led  t e s t  
were  sec t i oned  and analyzed. 
D i f f e r e n t  photographs o f  t he  cathode t i p  r u n  i n  t h e  100 hour t e s t  a re  shown i n  F igu re  9. 




formed on t h e  t i p .  A photomicrograph o f  t h i s  c r a t e r ,  taken l o o k i n g  s t r a i g h t  a t  t h e  cathode t i p ,  i s  
shown i n  F i g u r e  7 (b ) .  The cathode c r a t e r  observed i s  a lmost  i d e n t i c a l  t o  those t h a t  have been 
observed i n  o t h e r  a r c j e t  t e s t s . 1 1 * 1 3  The t i p ,  a f t e r  s e c t i o n i n g ,  p o l i s h i n g ,  and e t c h i n g  i s  shown i n  
F i g u r e  9 t c ) .  As i n  t h e  case o f  t h e  s h o r t  term t e s t s ,  a r e s o l i d i f i e d  a fea  can be seen i n  the  r e g i o n  
of t h e  cathode t i p .  The g r a i n  s t r u c t u r e  immediate ly  behind ( o r  underneath) t h i s  area does n o t  appear 
d i f f e r e n t  than t h a t  observed i n  t h e  b u l k .  As i n  t h e  s h o r t e r  cathode t i p  t e s t s ,  no tho r ium o x i d e  
nodules were seen i n  t h e  r e g i o n  o f  t h e  a r c  c r a t e r .  
S i m i l a r  views o f  t he  cathode t i p  used i n  t h e  1000 h o u r l c y c l i c  a r e  presented i n  F igu res  10(a) 
t o  ( c ) .  Th i s  t i p  was o r i g i n a l l y  b u l l e t - s h a p e d l l  and po l i shed ,  r a t h e r  than ground w i t h  a s t r a i g h t  30" 
ang le .  From Figures 9 and IO i t  can be seen t h a t  t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  f i n a l  
shapes o f  these two cathode t i p s .  
r a i s e d  s l i g h t l y  f rom t h e  surrounding su r face .  
i n  t h e  case o f  t he  1000 hour t e s t  was i n  a depress ion on t h e  t i p .  
d i f f e r e n c e  i s  n o t  c l e a r .  
o f  t h e  t i p  from t h e  100 hour t e s t  a t  t h e  100 hour p o i n t  and f u t u r e  t e s t i n g  would be r e q u i r e d  t o  
address t h i s  i ssue .  The a r c  c r a t e r s  observed i n  b o t h  t e s t s ,  however, were n e a r l y  i d e n t i c a l  i n  s i z e  
and appearance. Measurements o f  these c r a t e r s  and a s i m i l a r  c r a t e r  f rom an e a r l i e r  t e s t 1 3  g i v e  
d iameters between 0.15 and 0.20 mm. A l l  o f  these cathodes were i n i t i a l l y  2% t h o r i a t e d  tungsten.  
t he rm ion ic  i n  na tu re .  
f rom f i g u r e  9(a) .  t he  c r a t e r  on t h e  t i p  from the  100 hour t e s t  i s  
f i g u r e s  10(a) and 10(b) show t h a t  t he  cathode c r a t e r  
The exp lana t ion  f o r  t h i s  
I t  i s  p o s s i b l e  t h a t  t h e  l i f e t e s t  cathode was s i m i l a r  i n  appearance t o  t h a t  
Quest ions e x i s t  as t o  the  a c t u a l  e m i t t i n g  area and as t o  whether t h e  emission i s  p u r e l y  
The Richardson-Dushman equa t ion  f o r  t he rm ion ic  emission i s : 2 2  
j t  = AT2exp [-+elkT) ( 1 )  
where j t  i s  t h e  c u r r e n t  d e n s i t y ,  k i s  Bol tzmann's constant ,  e i s  t h e  e l e c t r o n  charge, 4 i s  t he  
t h e r m i o n i c  work f u n c t i o n  o f  t he  e m i t t i n g  su r face  ( i n  v o l t s ) ,  and A i s  a constant  dependent on 
m a t e r i a l .  
t ungs ten  i s  c e r t a i n l y  p o s s i b l e  and e a r l y  c a l c u l a t i o n ,  i n  f a c t ,  used t h e  b o i l i n g  p o i n t  o f  tungsten t o  
determine t h e  emiss ion f rom the  t i p . 2 3  
c o n t r i b u t e s  t o  t h e  c u r r e n t  d e n s i t y .  
The temperature i n  the  mol ten poo l  i s  unknown b u t  a temperature above t h e  m e l t i n g  p o i n t  o f  
I t  i s  a l s o  p o s s i b l e  t h a t  Shottky-enhanced emission 
The equat ion f o r  t h i s  ca.n be w r i t t e n  as:22 
p l . 3 8 9  A] 
T j = j, exp 
i n  which E i s  t h e  e l e c t r i c  f i e l d  s t r e n g t h  i n  v o l t s  per  cen t ime te r  and j t  i s  t he  the rm ion ic  emiss ion 
when E = 0. For t h e  purposes o f  t h i s  a n a l y s i s ,  t h e  exponent ia l  term on t h e  r i gh t -hand  s i d e  of  t h i s  
equa t ion  w i l l  be c a l l e d  t h e  enhancement f a c t o r  and labe led  y .  Using the  above equat ions some 
c a l c u l a t i o n s  were made t o  bound the  problem. I n  these, a va lue  
of  60.2 was used f o r  A . 2 2  
e m i t t i n g ,  a c u r r e n t  d e n s i t y  o f  approx imate ly  4 . 6 ~ 1 0 4  A/cmZ i s  r e q u i r e d  f o r  a t o t a l  c u r r e n t  o f  1 1 A .  
If o n l y  t h e  base o f  t h e  c r a t e r  i s  e m i t t i n g ,  t h e  c u r r e n t  d e n s i t y  would have t o  i nc rease  b y  about two 
o r d e r s  o f  magnitude. 
tungsten.  The upper l i m i t  f o r  t h e  the rm ion ic  work f u n c t i o n  idas s e t  a t  t h a t  o f  s o l i d  tungsten.  3.1V 
was used as t h e  lower l i m i t  as i t  produced n e a r l y  t h e  c o r r e c t  va lue  o f  t h e  emiss ion c u r r e n t  d e n s i t y .  
The low l i m i t  on t h e  f i e l d  s t r e n g t h  (106 V/cm) used i n  t h e  c a l c u l a t i o n s  o f  f i e l d  enhanced emiss ion 
was chosen because va lues i n  t h i s  range have been c a l c u l a t e d  f o r  some cases.24 The upper l i m i t  o f  
lo7 V/cm was chosen because i t  was what was found to  be necessary t o  y i e l d  t h e  r i g h t  o rde r  o f  
magnitude f o r  t h e  c u r r e n t  d e n s i t y  i n  t h e  wors t  case used i n  t h e  the rm ion ic  emiss ion c a l c u l a t i o n .  
From Table I V  i t  can be seen t h a t  t h e  c u r r e n t  d e n s i t y  ob ta ined  u s i n g  the  work f u n c t i o n  o f  s o l i d  
tungs ten  a t  t he  m e l t i n g  p o i n t  and w i t h  no f i e l d  emiss ion i s  dbout two o rde rs  o f  magnitude below t h a t  
r e q u i r e d  f o r  t h e  case o f  emission f rom t h e  e n t i r e  c r a t e r .  Us ing same work f u n c t i o n  and s e t t i n g  t h e  
temperature t o  t u n g s t e n ' s  b o i l i n g  p o i n t  y i e l d s  more than t h e  r e q u i r e d  c u r r e n t  d e n s i t y .  A l s o  from 
Table I V .  t h i s  same r e s u l t  can be ob ta ined  u s i n g  a work f u n c t i o n  w e l l  below t h a t  o f  s o l i d  tungsten.  
Wh i le  a work f u n c t i o n  o f  2.6V i s  t y p i c a l l y  assumed f o r  t h o r i a t e d  tungsten,  evidence presented e a r l i e r  
shows t h a t  t h e  mo l ten  c r a t e r  appears t o  be pu re  tungsten.  
t ungs ten  i s  unknown, t h e  assumption o f  a work f u n c t i o n  i n  t h e  3.1 t o  3.5 V range i s  s p e c u l a t i v e .  
be r e q u i r e d  t o  o b t a i n  t h e  necessary c u r r e n t  d e n s i t y  i n  t h e  case i n  which t h e  e n t i r e  c r a t e r  i s  
e m i t t i n g  a t  t h e  m e l t i n g  p o i n t  o f  tungsten and assuming a work f u n c t i o n  o f  4 .5  V.  
e leva ted  temperature,  however, t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h i s  c u r r e n t  d e n s i t y  can be achieved 
w i t h  a f i e l d  s t r e n g t h  o f  l e s s  than 106 V/cm. 
cathodes i n  h i g h  p ressu re  a r c s ,  as noted e a r l i e r ,  however, c a l c u l a t e d  va lues i n  t h e  106 V/cm range 
have been repo r ted .24  Cathode f a 1  1 vo l tages  i n  h i g h  pressure d ischarges t y p i c a l l y  range between 
1 and 10 v o l t s . 2 5  Thus, i f  f i e l d  enhanced emiss ion i s  c o n t r i b u t i n g  t o  a s i g n i f i c a n t  ex ten t ,  t h e  
sheath th i ckness  would have t o  be on t h e  o r d e r  of 10-5 to  
from t h e  above, i t  i s  probable t h a t  t h e  observed cathode spot  i s  mol ten d u r i n g  o p e r a t i o n  and 
t h a t  e l e c t r o n s  a r e  be ing  emi t ted  across t h e  e n t i r e  su r face  o f  t h e  spot .  
emiss ion mechanism i s  n o t  conc lus i ve ,  i t  i s  l i k e l y  t h a t  some combinat ion o f  the rm ion ic  and f i e l d  
The r e s u l t s  a r e  shown i n  Table I V .  
I f  i t  i s  assumed t h a t  t h e  e n t i r e  c r a t e r  o f  a d iameter  o f  0.0175 cm i s  
The temperature l i m i t s  used were s e t  by  t h e  m e l t i n g  and b o i l i n g  p o i n t s  of  
Because t h e  work f u n c t i o n  of mol ten 
Again,  t h e  va lues g i v e n  i n  Table I V  i n d i c a t e  t h a t  an e l l e c t r i c  f i e l d  s t r e n g t h  o f  l o7  V/cm would 
By assuming an 
L i t t l e  exper imenta l  da ta  e x i s t s  on f i e l d  s t r e n g t h s  near 
Cm.1 
Whi le  t h e  evidence f o r  t h e  
7 
emiss ion i s  i n v o l v e d  and t h a t  the spot temperature i s  somewhat above the m e l t i n g  p o i n t  o f  pure 
tungsten.  
as :26 
An equa t ion  f o r  t he  evapora t i on  r a t e  a t  f i x e d  metal vapor pressure has been g iven by Dushman 
W = Pv /  d22nRT/M ( 3 )  
W i s  t he  evapora t i on  r a t e  i n  grams/cm2-sec, Pv i s  t he  vapor pressure i n  atmospheres. M i s  t h e  
mo lecu la r  weight o f  t he  m a t e r i a l ,  R i s  t he  u n i v e r s a l  gas constant  and T i s  t he  abso lu te  temperature,  
i n  degrees K .  
about 3 . 9 ~ 1 0 - ~  g/cm2-sec f o r  tungsten a t  i t s  m e l t i n g  p o i n t .  A r a t e  o f  about 6glcmf-sec i s  o b t a i n e d  
a t  t h e  b o i l i n g  p o i n t  o f  tungsten.  Taken across t h e  mol ten area, these produce t o t a l  evapora t i on  
r a t e s  o f  about 9 . 4 ~ 1 0 - 8  g/sec and 1 . 4 ~ 1 0 - ~ g / s e c ,  r e s p e c t i v e l y .  
compared t o  the  mass l o s s  r a t e s  observed i n  t h e  t e s t i n g ,  w h i l e  the  former i s  on the  same o r d e r  o f  
magnitude as the mass l o s s  r a t e s  observed i n  the  cathode t i p  t e s t s .  Thus, s ince  the  t i p  i s  a t  or 
above the  m e l t i n g  p o i n t  o f  tungsten evapora t i on  cou ld  account f o r  t h e  e n t i r e  mass l o s s .  The f a c t  
t h a t  t he  mass loss r a t e  was observed t o  decrease w i t h  t ime,  w h i l e  the  cathode emission phenomena 
remained e s s e n t i a l l y  cons tan t ,  suggests t h a t  r e d e p o s i t i o n  o f  m a t e r i a l  on the  cathode becomes more 
impor tan t  as the  cathode t i p  recedes. 
appearance o f  t he  two cathodes f rom t h e  l ong  term t e s t s .  
l i f e t e s t  was c y c l e d  and accumulated more than 500 s t a r t s .  
occu r red  over the  e n t i r e  t i p  i n c l u d i n g  the area on the  shoulder w e l l  behind the t i p  c r a t e r  (see 
F i g u r e  1 0 ( a ) ) .  
cont inuous t e s t  i n  which a s i n g l e  s t a r t  was performed. 
i g n i t e s  upstream o f  t he  cathode t i p  and then i s  r a p i d l y  f o r c e d  t h e r e  by the gas f l o w  as the  t i p  heats  
t o  a temperature t h a t  can suppor t  t he  emission. This  phenomenon may be due t o  t h e  observed d e p l e t i o n  
o f  t ho r ium o x i d e  a t  t he  t i p .  
cathode m a t e r i a l ,  r a t h e r  than pure tungsten f o r  ease i n  s t a r t i n g .  
r e q u i r e d  t o  p r o v i d e  a b e t t e r  understanding o f  t h i s  phenomenon. 
Using vapor pressure da ta  tabu la ted  by Margrave,* l  t h i s  equat ion g i ves  an eva o r a t i o n  r a t e  o f  
The l a t t e r  va lue  i s  ve ry  h i g h  
This  i ssue  i s  impor tan t  i n  understanding a r c j e t  l i f e  and one f i n a l  d i f f e r e n c e  was noted i n  t h e  
A s  s ta ted ,  t he  cathode f rom the  l o n g  t e r m  
I t  was ev iden t  t h a t  su r face  m e l t i n g  had 
This  su r face  m e l t i n g  phenomenon was n o t  as ex tens i ve  i n  the case o f  t he  100 hour 
From t h i s ,  i t  i s  p o s t u l a t e d  t h a t  t h e  a r c  
This  would suggest t h e  cont inued use o f  22 t h o r i a t e d  tungsten as the  
Fu r the r  exper imen ta t i on  would be 
CONCLUOING REMARKS 
I n  t h i s  s tudy a v a r i e t y  o f  m a t e r i a l s  w e r e  t e s t e d  as a r c j e t  cathodes i n  a modular t h r u s t e r .  
P e r i o d i c  disassembly o f  t h i s  t h r u s t e r  a l lowed a comparison o f  mass l o s s  r a t e s  and SEM a n a l y s i s  o f  t he  
t i p s .  A t  t h e  conc lus ion  o f  t e s t i n g ,  t he  cathode t i p s  were  sect ioned,  po l i shed ,  etched and examined 
i n  o r d e r  t o  analyze cathode phenomena. The cathodes f rom bo th  a 100 hour cont inuous t e s t  and a 
1000 hour /500 c y c l e  t e s t  were  a l s o  analyzed f o r  comparison. 
r o d .  
h i g h  and low powers. 
r e p e a t a b i l i t y .  
doubled and i n  which 25% rhenium was added. 
l x h i b i t  s i m i l a r  mass l o s s  r a t e s .  C a l c u l a t i o n s  were performed which i n d i c a t e d  t h a t  t he  mass l o s s  
r a t e s  observed can be exp la ined  s o l e l y  by evapora t i on .  
n e a r l y  i d e n t i c a l  f o r  t h e  tungsten-based cathodes, i n d i c a t i n g  s i m i l a r  c o n d i t i o n s  e x i s t e d  i n  t h e  t i p  
r e g i o n  d u r i n g  o p e r a t i o n .  
i n d i c a t e s  t h a t  t h o r i u m  o x i d e  does n o t  p l a y  a r o l e  i n  de te rm in ing  the  steady s t a t e  o p e r a t i n g  
c h a r a c t e r i s t i c s  o f  t he  a r c j e t .  
c r a t e r  was pure tungsten t o  a depth o f  about 150 microns adding s t r e n g t h  t o  t h i s  conc lus ion .  
A d d i t i o n a l l y ,  t h e  da ta  i n d i c a t e  t h a t  rhenium can be added i n  some q u a n t i t y ,  a l s o  w i t h o u t  a l t e r i n g  the  
a r c j e t  cathode c o n d i t i o n .  
much h i g h e r  t h a t  o f  the  tungsten based compounds. 
have been mo l ten  and t o  have reac ted  w i t h  the  n i t r o g e n  i n  the p r o p e l l a n t  t o  t u r n  t o  hafn ium n i t r i d e  
i n  the  mol ten r e g i o n .  I t  i s  d o u b t f u l ,  t h e r e f o r e ,  t h a t  hafnium c a r b i d e  i s  a v i a b l e  candidate i n  any 
form f o r  use i n  the  a r c j e t  t h r u s t e r .  
form under these c o n d i t i o n s .  
photographs o f  t he  cathode a f t e r  t e s t i n g  showed no s i g n  o f  d e n d r i t e  growth. 
100 hour t e s t  and a p r e v i o u s l y  r u n  1000 hour, cyc led  t e s t  had n e a r l y  i a e n t i c a l  a r c  c r a t e r s .  
i n d i c a t e s  l ong  t e r m  s t a b i l i t y  o f  the c o n t r o l l i n g  emiss ion mechanisms, however, i n s u f f i c i e n t  evidence 
was a v a i l a b l e  t o  e s t a b l i s h  those emiss ion mechanisms w i t h  c e r t a i n t y .  
t o  bound the  problem, however, and these suggested t h a t  the e l e c t r o n  c u r r e n t  was due t o  a combinat ion 
o f  f i e l d  enhanced and the rm ion ic  emission. 
The b a s e l i n e  cathode t i p  used i n  t h i s  s tudy was made from standard 21. t h o r i a t e d  tungsten we ld ing  
This  m a t e r i a l  has been used almost e x c l u s i v e l y  throughout the  h i s t o r y  o f  a r c j e t  t e s t i n g  a t  bo th  
A second cathode made f rom t h i s  m a t e r i a l  was a l s o  t e s t e d  and demonstrated 
Tungsten-based compounds were t e s t e d  i n  which the tho r ium ox ide  c o n c e n t r a t i o n  was 
A l l  t he  tungsten-based cathode m a t e r i a l s  were found t o  
The o p e r a t i n g  vo l tages  were a l s o  found t o  be 
These f i n d i n g s ,  p l u s  the  obse rva t i on  o f  t h e  l a c k  o f  t ho r ium ox ide  m i g r a t i o n  
D e t a i l e d  a n a l y s i s  o f  one o f  t he  cathode t i p s  showed t h a t  t he  a r c  
The t i p  made f rom 2% t h o r i a t e d  rhenium was found t o  have a mass l o s s  r a t e  
The t i p  made f rom hafnium ca rb ide  was found t o  
A 100 hour cont inuous l i f e t e s t  was r u n  a t  about 1kW to determine whether o r  n o t  d e n d r i t e s  would 
This  phenomena was observed i n  a l ong  t e r m  t e s t  o f  a 30 kW a r c j e t .  SEM 
The cathodes from t h e  
This  
Simple c a l c u l a t i o n s  were made 
a 
Comparison o f  t h e  mass loss  r a t e s  o f  t h e  2% t h o r i a t e d  tungsten cathodes f rom the  m a t e r i a l s  t e s t s  
and from t h e  1000 hour l i f e t e s t  i n d i c a t e d  t h a t  t h e  mass l o s s  r a t e  decreases by a t  l e a s t  an o r d e r  o f  
magnitude over  t h i s  p e r i o d  o f  t ime.  Since t h e r e  was evidence i n d i c a t i n g  t h a t  t h e  emission mechanism 
does n o t  change w i t h  t ime,  i t  was concluded t h a t  t h e  r e d e p o s i t i o n  r a t e  increases as t h e  t i p  recesses 
Wi th t ime .  The reason f o r  t h i s  i s  n o t  p r e s e n t l y  known. 
References 
1 .  Wal lner ,  L .E . ,  and Czika,  J . ,  J r . ,  " A r c j e t  Th rus to r  f o r  Space Propuls ion,"  NASA TN D-2868, 1965. 
2. Knowles, S . K . ,  Smith,  W . W . ,  Chun, S . I . ,  and Feconda, R . T . ,  "Low Power Hydraz ine A r c j e t s :  A 
System D e s c r i p t i o n  f o r  Near Term A p p l i c a t i o n , "  1986 .JANNAF P ropu ls ion  Meet ing.  Vo l .  1 ,  
K.L. St range and D . S .  Eggleston. eds..  CPIA-PUBL-455.-VOL. 1 ,  Chemical P ropu ls ion  InfOtmat iOn 
Agency, Johns Hopkins U n i v e r s i t y ,  Lau re l ,  MD, 1986, pp. 399-408. 
3 .  Knowles, S . K . ,  " A r c j e t  Research and Technology, Phase 11, F i n a l  Report ,"  NASA CR-182276, Rocket 
Research Co., Redmond. WA ( t o  be pub l i shed) .  
4.  John, R . R . ,  Connors, J.F. ,  and Bennet t ,  S . ,  "Th i r ty-Day Endurance Test o f  a 30kW A r c j e t  Engine," 
Paper No. 630274, A I A A  1963. 
5 .  Todd, J .P . ,  " T h i r t y  KW A r c j e t  Th rus to r  Research," Report  No. FR024-10338 (APL-TDR-64-58), 
G iann in i  S c i e n t i f i c  Corp. ,  Mar. 1964. 
6. McCaughey, O.J.. Geideman, W.A.,  and M u l l e r ,  K . ,  "Research and Advanced Development o f  a 2 kW 
A r c j e t  Th rus to r . "  Plasmadyne Corp., Santa Ana, CA, GRC-1646. 1963, (NASA CR-54035). 
7 .  Shepard, C . E . ,  and Watson, V . R . ,  "Performance of a Cons t r i c ted -Arc  Discharge i n  a Supersonic 
Nozzle,"  Physico-Chemical D iagnos t i cs  o f  Plasmas, T.P. Anderson, R . W .  Sp r inge r ,  and 
R.C.  Warder, J r . ,  eds. Northwestern U n i v e r s i t y  Press,  1964, pp. 261-272 ( A I A A  Paper 63-380). 
8. P i v i r o t t o ,  T .J . ,  K ing ,  D.Q., Brophy, J . R . ,  and De in inge r .  W.D., "Performance and Long L i f e  
D u r a t i o n  Test  o f  a 30 kW Thermal A r c j e t  Engine," F i n a l  Report  f o r  t h e  Per iod  Dec. 28. 1984, t o  
Nov. 30, 1986, A i r  Force As t ronau t i cs  Laboratory ,  A i r  Force Space Technology Center ,  Space 
D i v i s i o n ,  A i r  Force Systems Command, AFAL-TR-87-010. 
9. P i v i r o t t o ,  T .J . ,  and De in inge r ,  W.D., "Ana lys i s  o f  a Used P a i r  o f  A r c j e t  E lec t rodes , "  Proceedings 
o f  S P I E ,  Volume 872, P ropu ls ion ,  Jan. 1988, pp. 119-162. 
10. De in inge r ,  W.D.. and P i v i r o t t o ,  T .J . ,  "High Power, NHl3 A r c j e t  Cathode L i f e t i m e  E v a l u a t i o n  
Exper iments and Plans,"  Proceedings o f  SPIE, Volume 872, P ropu ls ion ,  Jan. 1988, pp. 127-134. 
1 1 .  Curran, F . M .  and Haag, T . W . ,  "An Extended L i f e  and Performance Test  o f  a Low Power A r c j e t , "  A I M  
Paper 88-3106, J u l y  1988 (NASA TM-100942). 
12. Lawless, J . L . ,  "Demonstrat ion o f  Advanced A r c j e t  Cathode M a t e r i a l s , "  Phase I, F i n a l  Report ,  
SPI-29-3. NASA CR-185111, Space Power I n c . ,  San Jose, CA.  1988. 
13. Curran,  F . M .  and Haag, T.W.,  " A r c j e t  Component Cond i t i ons  Through a M u l t i s t a r t  Test , "  AIAA Paper 
87-1060, May 1987 (NASA TM-89857) 
14. K i m b l i n ,  C.W..  "A Review o f  A r c i n g  Phenomena i n  Vacuum and i n  t h e  T r a n s i t i o n  t o  Atmospher ic 
Pressure Arcs,"  I E E E  Transact ions on Plasma Science, VOL. PS-10, No. 4, Dec. 1982. 
15. Daadler ,  J.E.. "Cathode Spots and Vacuum Arcs,"  Physica,  104C. 1981. 
16. Po r to ,  D.R., K imb l i n ,  C.W.. and Tuma, D.T., "Exper imental  Observat ion o f  Cathode Spot Phenomena 
i n  t h e  T r a n s i t i o n  f rom a Vacuum Metal-Vapor A rc  t o  a N i t r o g e n  Arc."  J. Appl .  Phys.. Vo l .  53, 
No. 7. J u l y  1982. 
Atmospher ic Pressure Arcs,"  J .  Appl .  Phys., Vol. 45, No. 12. Dec. 1974. 
17 .  K i m b l i n ,  C.W.,  "Cathode Spot E ros ion  and I o n i z a t i o n  Phenomena i n  the  T r a n s i t i o n  from Vacuum t o  
18. J u t t n e r ,  E., " C h a r a c t e r i z a t i o n  o f  t h e  Cathode Spot," I E E E  Transact ions on Plasma Science, 
19. Hantzcshe, E . ,  "Theory o f  Cathode Spot Phenomena," Physica,  104C, 1981. 
20. Hardy, T.L. and Nakanish i ,  S . ,  "Cathode Degradat ion and Eros ion  i n  High Pressure Arc Discharges,"  
V o l .  PS-15, NO. 5, O C t .  1987. 
NASA TM-83638. 1984. 
9 
2 1 .  Margrave J .L . ,  ed . .  The C h a r a c t e r i z a t i o n  o f  Hiqh-Temperature Vapors, James Wi ley,  New York,  1967. 
2 2 .  Cobine. J .D. ,  Gaseous Conductors,  Dover P u b l i c a t i o n s ,  New York. 1958. 
2 3 .  Buh le r .  R .  D . ,  "Electro-Thermal P ropu ls ion . "  UCLA Shor t  Course X458 DE. J u l y  1962. 
2 4 .  Bade. W.L. and Yos, J . M . ,  " T h e o r e t i c a l  and Exper imental  I n v e s t i g a t i o n  of Arc Plasma-Generation 









L : .  C'nke lnbu rg ,  W . .  and Maecker. H . ,  E l e c t r i c  Arcs and Thermal Plasma, T r a n s l a t i o n  from Handbuch der  





2% Tho2R5% Re/W 
2% Th02/Re 
HfC 
: 6 .  Dushman, S . ,  S c i e n t i f i c  foundat ions of Vacuum Technique, John Wi ley,  New York 1962 





Table I. Cathode Tip Sample Materials 
Mass Loss Rate (mg/hr) 
0.09 0.09 0.15 0.20 
0.09 0.09 0.11 0.09 
0.06 0.05 0.06 0.07 




---- ---- 0.01 ---- ---- 
Table II. Arcjet Operating Voltage at Constant Current* and Mass Flow Rate 
Operating Time I Cathode 1 I Cathode 2 I Cathode3 I Cathode 4 I Cathode 5 
I I I I I 
2 Hours 98.6 98.9 loo. 1 102.2 105.8 1 4 H O m  
9 Hours 
127.2 (lo amps) 102.2 102.2 102.1 103.9 
102.5 1 106.2 1 104 .1  1 107.3 1 1 
* All tests but final 2 hour run on cathode #5 run at 1 1  amps 
Table 111. Mass Loss Rates for Tungsten-Based Cathodes with Time 
I I I 1 
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FIGURE 1. - CUTAWAY VIEW OF ARCJET THRUSTER. 
CD-Be-40822 
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(A )  CATHOM T I P .  
(C) CATHODE A S ! B B L Y .  
FIGURE 2. - CATHODE T I P  AND SLOTED HOLDER. 
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F I G U R E  3. - CATHODE MASS LOSS VERSUS T I M E .  
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( A )  IWO PFRCENT THORIATEII  T U N G S l l N  I If‘ AI 11 II 
TWO HOURS 01 OPLRATION. ( 7 0 X ) .  
~~ 
( C )  TWO PERCENI THORIATED TUNbSI I  N I I P  AI II II 
N I N E  HOURS OF OPLRATION. (70x1. 
( 1 % )  IWO I’I.RCENT THORIATED TUNGS71 N T I P  AFTER 
FOUR HOURS OF OPERATION. ( 1 5 0 ~ ) .  
(I)) SI LONI) IWO I ’ L I K t N I  I I IORIATEL) IUNGSTEN T I P  
AFTER TWO HOURS 01 OPERATION. ( 1 5 0 ~ ) .  
F IGURE 4. - SEM PHOTOGRAPHS OF TUNGSTEN BASED CATHODE T I P S  AT  VARIOUS POINTS I N  TESTING. 
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( C )  POLISHED TIP (2OOX). 




FIGURE 6. ~ RECRYSTALLIZED ARFA OF CATHODE TIP 
WIIH PITS (1200x1. 
( A )  AFTER TWO AND ONE-HALF MINUTES OF (11) AFTER FOUR HOURS OF OPERATION. 
OPERATION. 
FIGURE 7. - TWO PERCENT THORIATED RHENIUM CATHODE TIP.  
CD-89-40820 
( A )  NEAR BORDER OF MOLTEN AREA. ( B )  MOLTEN (RECRYSTRALLIZED) AREA. 
F IGURE 8. - SEM PHOTOGRAPHS OF HAFNIUM CARBIDE T I P .  
CD-09-40829 
( A )  SEN PHOTOGRAPH OF T I P .  
( B )  P :IOMICROGRAPH OF ARC CRATCR. ( C )  PHOTOMICROGRAPH OF T I P  AFTER SECTIONING 
AND ETCHING. 
F IGURE 9 .  - CATHODE TIP FROM 100 HOUR CONTINUOUS TEST.  
CD-EP-40830 
( A )  SEM PHOTOGRAPH OF T I P .  
( B )  PHOTOGMICROGRAPH OF ARC CRATER. ( C )  PHOTOMICROGRAPH OF T I P  AFTER SECTIONING 
AND ETCHING. 
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6. Abstract 
Cathode tips made from a number of different materials were tested in a modular arcjet thruster in order to 
examine cathode phenomena. Periodic disassembly and examination, along with the data collected during testing, 
indicated that all of the tungsten-based materials behaved similarly despite the fact that in one of these samples 
the percentage of thorium oxide was doubled and another was 25% rhenium. The mass loss rate from a 2% 
thoriated rhenium cathode was found to be an order of magnitude greater than that observed using 2% thoriated 
tungsten. Detailed analysis of one of these cathode tips showed that the molten crater contained pure tungsten to a 
depth of about 150 microns. Problems with thermal stress cracking were encountered in the testing of a hafnium 
carbide tip. Post test analysis showed that the active area of the tip had chemically reacted with the propellant. A 
100 hour continuous test was run at about 1 kW. Post test analysis revealed no dendrite formation, such as 
observed in a 30 kW arcjet lifetest, near the cathode crater. The cathodes from both this' test and a previously 
run lo00 hour cycled test displayed nearly identical arc craters. Data and calculations indicate that the mass 
losses observed in testing can be explained by evaporation. An increase in the redeposition rate with cathode 
recession was postulated to explain the observed decrease in mass loss rate with time. From measurements of the 
cathode crater size, estimates of the emitting area were made. These were used with realistic bounds on the 
crater temperature. material work function, and the electric field at the cathode to study the cathode emission 
process. From this, simple calculations suggest that both field and thermionic emission are involved. 
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